The age of the Sooke Formation on the southern coast of Vancouver Island, British Columbia, Canada, has long been controversial. Prior paleomagnetic studies have produced a puzzling counterclockwise tectonic rotation on the underlying Eocene volcanic basement rocks, and no conclusive results on the Sooke Formation itself. We took 21 samples in four sites in the fossiliferous portion of the Sooke Formation west of Sooke Bay from the mouth of Muir Creek to the mouth of Sandcut Creek. After both alternating field (AF) and thermal demagnetization, the Sooke Formation produces a single-component remanence, held largely in magnetite, which is entirely reversed and rotated counterclockwise by 358 ± 128. This is consistent with earlier results and shows that the rotation is real and not due to tectonic tilting, since the Sooke Formation in this region has almost no dip. This rotational signature is also consistent with counterclockwise rotations obtained from the northeast tip of the Olympic Peninsula in the Port Townsend volcanics and the Eocene-Oligocene sediments of the Quimper Peninsula. The reversed magnetozone of the Sooke sections sampled is best correlated with Chron C6Cr (24.1-24.8 Ma) or latest Oligocene in age, based on the most recent work on the Liracassis apta Zone molluscan fauna, and also a number of unique marine mammals found in the same reversed magnetozone in Washington and Oregon.
Introduction
The Sooke Formation is widely exposed along the beaches and creeks of southern Vancouver Island west of Sooke Bay (Fig. 1 ) and includes beach and seacliff outcrops from southeastern side of Sooke Bay to San Juan Point (southwest of Port Renfrew). Outcrops at Carmanah Point and on Nootka Island, further north on the western side of Vancouver Island have also been called Sooke Formation (Clapp and Cooke 1917; Jeletzky 1973; Cameron 1980) . First described by Richardson (1876 Richardson ( -1877 , the rich fossil deposits of the Sooke Formation were originally collected in the 1890s, and described by Merriam (1896 Merriam ( , 1897 Merriam ( , 1899 . Clapp and Cooke (1917) made the first detailed maps of the region, and Clark and Arnold (1923) conducted the first complete description of the fossils. On Nootka Island, the Sooke outcrops overlie the Hesquiat Formation, and Cameron (1980) used foraminiferal biostratigraphy to place these rocks in the late Zemorrian Stage (latest Oligocene). Muller et al. (1981) considered the foraminiferal assemblage from the Sooke Formation to be facies restricted and not stratigraphically useful. Narayan et al. (2005) developed a benthic foraminiferal biozonation from wells drilled in the Tofino Basin, offshore southern Vancouver Island. Although there is no outer neritic to bathyal sediment onshore, this offshore scheme indicate that the Sooke Formation belongs in the Rectuvigerina branneri Zone (formally called the Siphogenerina branneri Zone) of Kleinpell et al. (1980) and Finger (1992) , latest Oligocene -earliest Miocene in age.
The molluscan fauna of the Sooke Formation is particularly diverse, with 28 species of gastropods and 35 species of bivalves. In addition, two species of brachipods and barnacles; single chiton, sand dollar, and coral species; and a serpulid worm tube have been described (Clark and Arnold 1923; Cornwall 1927) . Despite its rich faunal assemblage, the age of the Sooke Formation has long been controversial. Merriam (1896) thought that it was upper Miocene or lower Pliocene in age. Arnold (1906 Arnold ( , 1909 placed it in the upper Miocene. Weaver (1912) correlated it with other lower Miocene deposits of Washington State. Arnold and Hannibal (1913) collected additional fossils and placed it in the middle Oligocene. Clapp and Cooke (1917) , on the other hand, placed it in the lower Miocene. Clark and Arnold (1923) correlated the Sooke invertebrate faunas with those of the Blakeley Formation, on Bainbridge Island, across Puget Sound from Seattle, Washington. However, the correlation used by Clark and Arnold (1923) was based on fossils from the Carmanah Point area of Vancouver Island that is outside of the Sooke formation between Sooke Bay and San Juan Point. Durham (1944) noted that the Sooke molluscan fauna was characteristic of outcrops the Blakeley Formation around Lake Sammamish (east of Seattle). This region is the inner neritic to bayshore facies of the deeper water type Blakeley Formation on Bainbridge Island and has recently been mapped as this formation (Booth et al. in review) . In the historic Weaver Commission report (Weaver et al. 1944) , the Sooke was correlated with the upper Twin Rivers Formation, which was then considered early Miocene. Jeletzky (1973) , Muller et al. (1981) , and Cockburn et al. (1999) assigned the Sooke Formation in the Nootka Sound area and between Sooke Bay and San Juan Point to the molluscan Liracassis (= Echinophoria) apta Zone of Durham (1944; Moore 1984) , which spans the late Oligoceneearly Miocene interval between 23 and 28.5 Ma (Prothero 2001) .
This wide range of opinions of the age of the Sooke mollusks is largely due to the fact that the assemblage comes from intertidal and shallow-subtidal deposits, with relatively few of the mid-neritic mollusks that are used to zone the marine beds of the Pacific Northwest elsewhere. This is particularly evident in the abundant rocky intertidal forms, such as the chiton, plus a diversity of limpets, algal-grazing gastropods, rock-boring clams, mussels, oysters and barnacles (Table 1 ). In addition the fauna includes a sand dollar and a diversity of bivalve taxa that inhabit intertidal sandy sediments, as well as two gastropod species indicative of brackish estuarine settings (Table 1) . This faunal assemblage is most like that from the inland outcrops of the Blakeley Formation, east of Lake Washington in the Seattle area. The type Blakeley at Restoration Point on Bainbridge Island, west of Seattle is within the Liracassis apta molluscan zone, and at the foraminiferal Zemorrian-Saucesian boundary zone, which overlaps in the Pacific Northwest (Prothero 2001; Prothero and Nesbitt, in press ). The fauna from the type section of the Blakeley Formation is deeper water in origin, and the fauna from the inland sections is characteristic of an intertidal embayment. However, the gastropod species Liracassis apta, Bruclarkia acuminata, Mediargo matthewsonii, and Priscofusus hannibali have been found in both areas (Clark and Arnold 1923; Cockburn et al. 1999 ; Burke Museum unpublished data). Thus, the molluscan assemblage from the Sooke Formation is stratigraphically consistent with the foraminiferal biozonation indicating a latest Oligocene to earliest Miocene age.
A few distinctive mammalian fossils have been collected from the Sooke Formation near Sooke Bay. The most important are teeth of the desmostylian Cornwallius sookensis (Cornwall 1922; Hay 1923; Clark and Arnold 1923) . This desmostylian has also found in the upper Nye Formation near Astoria, Oregon that is upper Oligocene -lower Miocene (Prothero et al. 2001a) . There is also a lower jaw fragment of a new undescribed genus of ''beach bear'' (McAnally 1996) related to Kolponomos, which is otherwise only known from the Oligocene-Miocene Clallam Formation of Washington and the upper Oligocene Nye Mudstone near Newport, Oregon (Tedford et al. 1994 ). An unpublished analysis of the pollen from the Sooke (Cox 1962) shows a close resemblance to the pollen of the Blakeley Formation, and also to the pollen of the middle Miocene Astoria Formation of Oregon.
Despite these problems, it is apparent from the more recent age estimates mentioned earlier in the text that the opinion about the age of the Sooke Formation is converging on the late Oligocene or earliest Miocene based on mollusks, desmostylians, and the ''beach bear.'' Where exactly in the late Oligocene or early Miocene could be better resolved by magnetostratigraphy and by comparison with recent magnetostratigraphic work on beds of similar age, such as the Clallam Formation (Prothero and Burns 2001) and the Blakeley Formation (Prothero and Nesbitt in press) of Washington, and the Nye Mudstone near Astoria, Oregon (Prothero et al. 2001a) .
The only previous paleomagnetic study of the Sooke Formation was by Irving and Massey (1990) . Their focus was primarily on the early Eocene Metchosin ophiolites, which unconformably underlie the Sooke Formation near Sooke Bay. Their magnetic results from the Metchosin volcanics (especially the East Sooke Stock) showed a consistent counterclockwise rotation of about 308-408 in rocks of both normal and reversed polarity (so they passed a reversal test). This is consistent with the 208 ± 78 rotation reported for the same rocks by Symons (1973) . Irving and Massey (1990) did sample isolated unfossiliferous outcrops of reddish Sooke sandstone near Sooke Bay, but their results were highly scattered, and they did not believe it represented an 
Methods
During the summer of 2002, we took oriented block samples from beach and stream exposures of the Sooke Formation west of Sooke Bay. The local section was only 10 m thick in this region, so four separate sites with as many as six samples apiece were spaced along the beach from the classic fossil locality at the mouth of Muir Creek west to French Beach Park and ending at the mouth of Sandcut Creek (Fig. 1) . Most of the rocks were well indurated and did not crumble like those reported by Irving and Massey (1990) , but dilute sodium silicate was used to harden samples that required it. In the laboratory, each block was then subsampled into standard cores using a drill press. They were then measured on a 2G cryogenic magnetometer using an automatic sample changer at the California Institute of Technology, Pasadena, California. After measurement of NRM (natural remanent magnetization), each sample was AF demagnetized at 2.5, 5.0, and 10 mT (millitesla) to remove any remanence held by multidomain grains and also to determine the coercivity behavior of each specimen. After AF demagnetization, every sample was then thermally demagnetized at 100 8C increments from 200 to 630 8C. This helps get rid of high-coercivity chemical overprints due to iron hydroxides, such as goethite, and allows us to determine how much remanence was left after the Curie temperature of magnetite (580 8C) was exceeded.
Results were plotted on orthogonal demagnetization (''Zijderveld'') plots, and average directions of each sample were determined by the least-squares method of Kirschvink (1980) . Mean directions for each sample were then analyzed using Fisher (1953) statistics, and classified according to the scheme of Opdyke et al. (1977) .
Results
Results are given in Table 2 . Representative orthogonal demagnetization plots and stereonets of the same samples are shown in Fig. 2 . As can be seen from all the samples, the NRM direction of the samples was southwest and up (a reversed direction rotated counterclockwise), and most of the samples showed only this single component as their vectors decayed to the origin. The fact that nearly every sample showed a significant drop in intensity during AF demagnetization indicates that most of the remanence is held by a low-coercivity mineral, such as magnetite; this is consistent with the fact that nearly all the remanence was lost when the Curie temperature of magnetite (580 8C) was exceeded. Thus, it appears that the Sooke samples all show a primary or characteristic remanence that is reversed and rotated counterclockwise. Although it is not possible to conduct a true reversal test on these rocks without an antipodal normal direction, the fact that the direction is clearly reversed with minimal overprinting can only be explained if it is a primary or characteristic remanence. In addition, these results are consistent with those of Irving and Massey (1990) on the Metchosin volcanics, which did pass a reversal test. Those same authors showed with a conglomerate test that there has been no post-depositional remagnetization of the sediments.
The mean for all the Sooke Formation samples (n = 21) was D (declination) = 144.18, I (inclination) = -50.98, k (precision parameter) = 7.9, 95 (ellipse of 95% confidence around mean) = 12.4. This result is rotated about 358 ± 128 counterclockwise with respect to the Oligocene North American cratonic pole of Diehl et al. (1983) (Fig. 3) . As can be seen from the stereonet, our Sooke Formation results are highly consistent with the rotations reported on the underlying Metchosin volcanics by Irving and Massey (1990) , and also with those reported by Symons (1973) . Thus, it appears that the counterclockwise rotation is real and not caused by local tilting, as suggested by Irving and Massey (1990) , since the Sooke Formation exposures have almost no dip.
Discussion
Although a counterclockwise tectonic rotation seems surprising at first, it is consistent with the results reported by Symons (1973) and Irving and Massey (1990) , so it is not an artifact of a particular study or a single laboratory. In addition, this counterclockwise rotational trend is opposite the clockwise rotation reported throughout the coastal region of Washington and Oregon (e.g., Wells and Heller 1988; Wells 1990 ). To our knowledge, the only counterclockwise paleomagnetic directions previously reported were those of Beck and Engebretson (1982) , who found a mean reversed D of 158.58 and I of -71.58 ( 95 = 16.1) for the lower Eocene Port Townsend basalts on the northeast corner of the Olympic Peninsula and due south of Sooke Bay across the Straits of Juan de Fuca. This counterclockwise reversed direction is statistically indistinguishable from our result, and from the results of Irving and Massey (1990) . In addition, Prothero et al. (in press) have obtained the same counterclockwise rotations on the Eocene and Oligocene sedimentary rocks (Quimper Sandstone, Marrowstone Shale, ''Lyre'' Formation) of the Quimper Peninsula, overlying and just north of the Port Townsend basalts, so the rotation is real and found throughout the northeast Olympic Mountains, as well as in the Sooke Bay area. The eastern side of Olympic Peninsula and western Puget Sound, however, shows a clockwise rotation (Beck and Engebretson 1982 , on the Bremerton basalts; Prothero and Nesbitt in press, on the Blakeley Formation), as do the Pysht and Clallam Formations of the northern coast of the Olympic Peninsula (Prothero and Burns 2001; Prothero et al. 2001b) .
A full analysis of the tectonic implications of these results will be presented in a forthcoming paper by Mark Brandon and the authors. However, some things seem immediately apparent. Based on the overall trend of clockwise rotations to the south and east of the Olympic Peninsula and mostly counterclockwise rotations on the north side of the Olympics, it seems clear that the central core of the Olympics has been pushed eastward, causing the north flank to rotate counterclockwise and the south flank to rotate clockwise. A similar model has been suggested by Johnston and Acton (2003) , although they only suggest about 208 of clockwise rotation in the southern Vancouver Island region. Contrary to Johnston and Acton (2003) , our results show that the counterclockwise rotations on the north Olympics are not Eocene in age, but early Miocene or younger. McCaffrey et al. (2007) used GPS (global positioning system) studies of the entire Pacific Northwest coastal region to analyze the block rotations and crustal deformations of the area. Consistent with previous paleomagnetic studies, they found clockwise vertical-axis rotations in the coastal regions of Oregon and Washington south of the Olympics. They found counterclockwise block rotations in northern Vancouver Island, but not on the southern tip of the island, as we have found. If their interpretations are correct, the Neogene rotations that we have documented for southern Vancouver Island (and also for the northern coast of the Olympic Peninsula) have ceased to operate today, except in the northern part of Vancouver Island. We know of no paleomagnetic studies from Cenozoic sedimentary rocks in northern Vancouver Island, but it would be interesting to see if they also show counterclockwise rotation as predicted by these models.
Although the single reversed magnetozone of the Sooke Formation may not seem diagnostic at first, biosratigraphic age constraints (Fig. 4) allow us to pin down the age of the Sooke Formation. Previous results from the molluscan fauna (discussed earlier in the text) most closely match the Sooke Formation with the Blakeley Formation Liracassis apta molluscan zone assemblages of the uppermost Pysht Formation of the northern Olympic Peninsula, or the Blakeley Formation of the eastern Olympics, and older than the Clallam Formation, which overlies the Pysht Formation (Fig. 4) . The uppermost Pysht Formation (Prothero et al. 2001b ) was correlated with reversed magnetic Chron C6Cr (24.1-24.8 Ma) or latest Oligocene in age. This is slightly older than the Blakeley Formation, which correlates with the latest Oligocene -early Miocene Chron C6Cn (23.5-24.1 Ma) (Prothero and Nesbitt in press) , and with the Clallam Formation (source of the ''beach bear'' Kolponomos clallamensis), which correlates with the same interval (Prothero and Burns 2001). Corroborating this correlation are the magnetostratigraphic results for the upper Nye Mudstone near Astoria, Oregon, which are correlated with Chron C6Cr. These rocks are the only ones besides the Sooke Formation to produce the desmostylian Cornwallius sookensis, and also produce the ''beach bear'' Kolponomos newportensis (Tedford et al. 1994) . Thus, the marine mammals confirm the latest Oligocene age of the Sooke Formation and tie it to rocks correlated with the same magnetozone in the northwest Olympics, on Puget Sound, and near Astoria, Oregon.
Conclusions
Previous studies have given widely varying age estimates of the Sooke Formation, and puzzling paleomagnetic directions. Our study shows that the Sooke Formation is entirely (Irving and Massey, 1990) . This shows that the directions are antipodal and the primary remanence has been obtained and overprinting removed. Fm., Formation. Fig. 4 . Correlation of the Sooke Formation, based on the dates and age constraints discussed in the text. Magnetic stratigraphy of the Yaquina Bay, Oregon, section, after Prothero et al. (2001a) , and of the northwest Olympics section after Prothero et al. (2001b) and Prothero and Burns (2001) . Magnetic stratigraphy of the Blakeley section after Prothero and Nesbitt (in press ). Time scale after Berggren et al. (1995) and Prothero (2001) . Fm., Formation; L. Eoc., Late Eocene; Mioc., Miocene; Sauc., Saucesian; Pillar, Pillarian. reversed in polarity and rotated 358 ± 128 counterclockwise with respect to the Oligocene cratonic pole. This is consistent with previous results of Symons (1973) and Irving and Massey (1990) , and also with results from the northeast Olympic Peninsula (Beck and Engebretson 1982; Prothero et al. in review) . These results seem best explained as a consequence of the eastward movement of the central Olympic block, which rotated the rocks on its northern flank counterclockwise and those on the southern and eastern flank clockwise.
The single reversed magnetozone of the Sooke Formation can be correlated with any of the three small reversal periods that span the Oligocene-Miocene boundary: Chron C6Cr (24.1-24.8 Ma), Chron C6Cn3r, or Chron C6Cn2r based on the molluscan Liracassis apta fauna and the presence of the desmostylian Cornwallius sookensis and a ''beach bear'' similar to Kolponomos newportensis. This combination of mollusks and mammals is elsewhere known only from latest Oligocene rocks correlative with Chron C6Cr (24.1-24.8 Ma), such as the Nye Mudstone near Astoria, Oregon, and the uppermost Pysht Formation and lowermost Clallam Formation in the northwest Olympics.
